Introduction
Bacterial genomes display a substantial diversity in size, with sequenced genomes ranging from only 138 kb in Tremblaya precipes to over 13,000 kb in Sorangium cellulosum (Mccutcheon and Von Dohlen 2011; Schneiker et al. 2007) . Based on phylogenetic analyses, lineages harboring the smallest genomes are derived from large-genomed ancestors.
Numerous bacterial phyla contain species with highly reduced genomes, indicating that small genomes have arisen multiple times throughout the evolution and diversification of bacteria.
The bacterial taxa exhibiting the most extensive gene loss are usually those that form close, often obligate, associations with eukaryotic hosts (Mccutcheon and Moran 2012) .
The genes eliminated from the genomes of host-associated bacteria are of two general categories: the first includes those genes whose functions are rendered redundant in the nutrient-rich host environment. These superfluous genes, many of which serve in biosynthetic pathways, incur mutations and are eventually eliminated from the genome (Mccutcheon and Moran 2012) . The second includes genes that are useful, but not essential, and that have become debilitated or inactivated as a result of genetic drift (Mccutcheon and Moran 2012; Moran 2002; Wernegreen and Moran 1999) . Genetic drift is prevalent in hostassociated bacteria because the population bottlenecks that occur during transmission between hosts drastically reduce effective population sizes (Ne), and hence, the efficacy of selection acting on these bacteria. As a result, even beneficial genes will accumulate deleterious mutations. Because all bacterial genomes examined to date display a mutational bias towards deletions, all but the most essential genes are removed from contracting genomes.
The combination of relaxed selection and deletional bias together precipitate genome erosion, in which deleterious mutations accumulate and numerous potentially useful genes are inactivated and removed. As a result, the smallest genomes frequently lose genes that are not complemented by their hosts, and many of the proteins that persist evolve at elevated rates and are prone to misfolding (Mccutcheon and Moran 2012; Moran 2002; Wernegreen and Moran 1999) . The process of gene loss is evident in the genomes of several pathogens, which often lack individual enzymes from otherwise complete metabolic pathways; for example, Mycobacterium tuberculosis lacks a functional !-ketoglutarate dehydrogenase (kdh) despite having functional TCA cycle (Tian et al. 2005; Wagner et al. 2011) .
Genome reduction can alter the functional constraints on the genes remaining in the genome. The loss of a gene might disable a pathway, thereby removing constraints on (and expediting the loss of) other genes in the inactivated pathway (Dagan et al. 2006) .
Alternatively, the function of the lost genes might be complemented by others that can serve as compensatory alternatives (Catrein and Herrmann 2011; Pollack et al. 2002; Wagner et al. 2011) . That the TCA cycle remains functional in M. tuberculosis despite the absence of KDH enzyme implies that another protein, which in this case is the multifunctional !-ketoglutarate decarboxylase (KGD), has taken on this compensatory role (Tian et al. 2005 ; Wagner et al.
2011).
The ability of proteins to 'multitask' or 'moonlight' in order to perform new or alternate functions is possibly a widespread phenomenon in bacterial pathogens (Henderson and Martin 2011) . Many moonlighting proteins in pathogens are metabolic enzymes that can carry out additional catalytic side-activities, or alternatively, completely novel functions, such as binding to unique host proteins (Henderson and Martin 2011) . We hypothesize that in pathogens and other host-associated bacteria with contracting genomes, the selective pressures on those remaining genes shift, and induce the evolution of multitasking. Several proteins in bacterial pathogens have been shown to take on new activities, apparently to compensate for gene loss (Catrein and Herrmann 2011) , and we suspect that as genome sizes decrease, there will be a broad trend to increase the functional repertoire of genes retained in these genomes. By examining the genome-wide protein-protein interaction data for six bacterial genomes, we find that the surviving proteins in smaller genomes assume new functions, as reflected in the number and diversity of their interaction partners, thereby increasing their overall functional complexity during the process of genome reduction.
Materials and Methods
We obtained information for all unique, binary PPIs in the genomes of M. tuberculosis, Synechocystis sp., Helicobacter pylori, Campylobacter jejuni, Treponema pallidum and Mycoplasma pneumonia, Escherichia coli (Kuhner et al. 2009; Parrish et al. 2007; Rain et al. 2001; Sato et al. 2007; Titz et al. 2008; Wang et al. 2010 , Peregrin-Alvarez 2009 ).
For unbiased comparisons of the PPI complexity per protein, we focused on the functional relationships of proteins that are orthologous in all or most genomes. We identified 168 groups of orthologous proteins represented in at least six of the seven genomes (based on (i) inferences by OrthoMCL (Li et al. 2003) , using default parameters, and (ii) the identity of the proteins' biological names), for which PPI information is available in at least one genome (Supplementary Table 1 ).
We first examined the functional complexity of these broadly conserved proteins based only on their interactions with other broadly conserved proteins. The functional complexity of a particular protein's interactions with other conserved proteins was assessed as the total number of GO terms for 'Molecular Function' (obtained from (Dimmer et al. 2012)) assigned to its complete set of conserved interacting partners. For comparison across genomes, we calculated the average functional complexity of interactions for each genome.
In addition, average functional complexity of interactions was similarly measured using GO terms for 'Biological Process' of interaction partners. For regressions, we applied the phylogenetic independent contrasts method of Felsenstein (1985) , using Mesquite (Maddison and Maddison 2011) , to eliminate the non-independence of data points due to common ancestry. The topology and branch lengths of the phylogenetic model used in the regression analysis were derived from (Ciccarelli et al. 2006) .
We next examined the net functional complexity of the broadly conserved proteins within each genome. Net functional complexity is measured as the total number of 'Molecular Function' GO terms that are assigned to the complete set of interaction partners, including the non-conserved proteins. A similar measurement of net functional complexity was obtained using the 'Biological Process' GO terms of all proteins that interact with the conserved proteins.
It should be noted that regressions and statistical tests do not include complexity values for E. coli, which deviated greatly from the overall trend (12.48 using 'Molecular Function' information, and 8.06 using 'Biological Process' information for interactions between conserved proteins in E. coli). Unlike the other species, PPI in E. coli have been determined using multiple methodologies, which together offer much higher PPI detection sensitivities.
Consequently the E. coli PPI dataset is substantially more comprehensive, and as such, not directly comparable to the other PPI datasets. For example, the average number of conserved interaction partners per conserved protein in E. coli is 6.83 compared to 1.26 to 3.75 in other genomes (see Figure 1) .
The comparisons of the PPIs in these genomes could be affected by the different methodologies that are used to infer PPIs (Table 1 ) and by the fact that such genome-wide assays often fail to yield the complete set of PPIs (Von Mering et al. 2002; Yu et al. 2008) .
However, for the 168 conserved orthologs examined in this analysis, the number of proteins whose interactions have been assayed is similar in each genome ( Table 1 ), suggesting that detection biases for this set of genes are negligible.
Results
Because most proteins function through interactions with multiple other proteins, we examined differences in functional repertoires and complexity of proteins as indicated by the diversity of their interaction partners. Genome size is significantly associated with the average number of interaction partners per conserved protein (Fig. 1B) , and there is no signification correlation between genome size and net functional complexity, as measured by the 'Biological Processes' of interaction partners (Fig. 2D) . However, the net functional complexity of conserved proteins, as measured using the 'Molecular function' information of their interaction partners, is inversely related to the genome size (p=0.002, r How might the different experimental procedures used to determine PPI networks (Table 1) affect these results? Such methodological differences might be expected to override or obscure any underlying biological trend. Despite this, we found that for a large set of broadly conserved genes, measures of functional complexity change according to genome size and not according to the experimental method, indicating that methodological biases, if any, do not impact the association.
Complexity of interactions

Discussion
The finding that orthologs in smaller genomes are more functionally complex suggests that as beneficial genes are lost during the course of genome reduction, there is selection on the remaining genes to diversify. Despite the many sporadic cases of protein moonlighting and multitasking that have been reported (Henderson and Martin 2011) , we detect broad genome-wide trends towards increasing protein functional diversity in smaller genomes. Moreover, the need for moonlighting activities may be exacerbated in pathogens and symbionts, which are predominantly asexual and unable to acquire genetic material horizontally. Although the question of how genome reductions lead to the changes in protein interactions has been explored previously (Lercher and Pal 2008; Mendonca et al. 2011; Ochman et al. 2007; Tamames et al. 2007) , this study addresses whether the proteins remaining in reduced genomes are functionally altered or diversifying in order to compensate for the gene loss.
Although the new selective pressures instigated by gene loss can promote the functional diversification of proteins in reduced genomes, the genetic drift experienced by these genomes will also influence the evolution of these proteins, as suggested by a recent hypothesis put forward for evolution of complexity in eukaryotes (Fernandez and Lynch 2011) .
Drift allows the fixation of amino acid replacements that cause slightly deleterious misfolding of the proteins, leading to promiscuous PPIs. Some of these novel interactions may be functionally beneficial, leading to rapid increases in the functional complexity of the proteins (Fernandez and Lynch 2011) . For proteins in reduced genomes, this hypothesis predicts a general disposition to misfold, and to be multifunctional, as is true for Mycoplasmas (Catrein and Herrmann 2011; Wong and Houry 2004) . In addition to drift, multitasking can also arise from biotic interactions among organisms, as is clear from the host-invasive and immunesystem-evasive moonlighting activities of some core metabolic proteins in pathogens (Henderson and Martin 2011) .
Nearly all genes in the vast majority of genomes have been assigned function using a comparative method, in which a similarity in gene sequence is equated to a similarity in gene function. This approach relies on the assumption that gene function remains largely unmodified over evolutionary timescales. However, our findings indicate that even broadly conserved proteins in reduced genomes have expanded their functional repertoires in response to gene loss, implying that alignment-based approaches to assigning gene function will vastly underestimate the functional capabilities of genes and genomes. The increase in complexity of genes in reduced genomes is also reflected in other aspects of gene function and regulation in that small-genomed bacteria display levels of structural and transcriptional complexity that have not been observed in larger bacterial genomes (Guell et al. 2009; Ochman and Raghavan 2009; Yu et al. 2008) .
At present, the large evolutionary distances between the genomes for which experimental information is available makes it challenging to trace the evolutionary changes occurring in individual proteins in their paths towards functional diversification. However, determination of PPI networks in closely related bacteria of different genome sizes and lifestyles can elucidate the route towards functional diversification. Moreover, resolution of the three-dimensional structures of multiple moonlighting variants of proteins, such as the multitasking forms of glyceraldehyde 3-phosphate dehydrogenase (Henderson and Martin 2011) , will divulge the key structural changes that increase functional complexity.
The determination of lineage-specific innovations in protein function is necessary for understanding the evolution and physiology of pathogens. Protein moonlighting can allow pathogens to circumvent some of the current targets for antibiotics; but alternatively, knowledge of pathogen-specific modifications of biochemical processes may help with the development of highly targeted drugs. a Y2H = Yeast two-hybrid assay; TAP-MS = Tandem-Affinity-Purification Mass-Spectrometry; B2H = Bacterial two-hybrid assay.
b Shown are numbers of proteins from the conserved set of 168 proteins for which PPIs have been recognized experimentally.
In parentheses are numbers of proteins from this set that have PPIs with others from the conserved set.! Copyright 2012.
